Summary Rooting was induced in in-vitro-propagated walnut (Juglans regia L.) shoots by subculturing the shoots on rooting medium containing agar and 3 mg l −1 indole-3-butyric acid (IBA) for 7 days in darkness. Changes in the concentrations of endogenous free indole-3-acetic acid (IAA), indole-3-acetylaspartic acid (IAAsp) and free polyamines were determined during culture on root-inducing medium. In extracts of whole shoots, the concentration of free IAA showed a transient peak at 60 h (around 48 h in extracts from basal shoot portions) and then remained at a relatively low concentration for the remainder of the 7-day culture period. The concentration of IAAsp in extracts of whole shoots peaked at about the same time as the concentration of free IAA, whereas the IAAsp concentration in extracts from basal shoot portions peaked earlier, at around 12 h. The concentrations of free polyamines in extracts of whole shoots increased soon after the shoots were transferred to root-inducing medium. The concentrations of IAA and IAAsp remained stable when the rooted shoots were transferred to a vermiculite/gelrite mixture (without auxin) and grown in light.
Introduction
Auxins play a central role in the adventitious rooting process (Davis and Haissig 1994) ; however, the role of endogenous auxin in rhizogenesis remains unclear (Jarvis 1988 , Gaspar and Hofinger 1988 , Moncousin 1991 . The rooting process comprises a series of interdependent physiological phases (Berthon et al. 1990, De Klerk and Ter Brugge 1992) that are associated with changes in endogenous auxin concentrations (Maldiney et al. 1986 , Moncousin et al. 1988 , Berthon et al. 1989 , Hausman 1993 . Blakesley (1994) and Gaspar et al. (1994) postulated that an early and transient increase in the concentration of endogenous free auxin concentration occurs during the inductive phase of rooting (before any cytological event). They suggested that the initiating phase of rooting, i.e., the phase of cell division and cell differentiation, is characterized by a lowering of the free auxin concentration to a minimum, whereas the expressive phase of rooting, i.e., growth and emergence of root primordia, is associated with an increase in free auxin concentration. The present investigation was undertaken to verify the postulated variations in free IAA during the rooting of in-vitro-propagated walnut shoots. Because the role of conjugated auxins in rooting is unclear, we also monitored changes in IAAsp concentrations during root induction of the in-vitro-propagated shoots.
Polyamines are also involved in the rooting process. Correlations between polyamine accumulation and the initial stages of adventitious root formation have been observed in some species including Phaseolus (Jarvis et al. 1985) , apple (Wang and Faust 1986) , tobacco callus culture (Tiburcio et al. 1987) , and Prunus avium L. (Biondi et al. 1990 ). There are also some contradictory results in the literature. For example, Tiburcio et al. (1987) found that α-difluoromethylarginine (DFMA), an inhibitor of putrescine biosynthesis, enhanced the rooting process in tobacco callus culture. In other species there is no effect of polyamines on rooting (e.g., Friedman et al. 1982) . To obtain a more detailed understanding of the role of polyamines in root induction, we determined the time course of changes in the concentrations of putrescine, spermidine and spermine during the rooting of in-vitro-propagated walnut shoots.
Materials and methods

Plant material and culture
In-vitro-propagated shoots of Juglans regia L. (clone RG1) were provided by Dr. J.C. Navatel from the Centre Technique Interprofessionel des Fruits et Légumes (CTIFL, Bellegarde, France). Axillary shoot proliferation, with a mean multiplication rate of three, was maintained by subculturing every 3 weeks on DKW medium (Driver and Kuniyuki 1984) IBA for 7 days in darkness, followed by culture in the light on an ''expressive'' medium comprising DKW nutrients in a gelrite/vermiculite mixture without auxin (Jay-Allemand et al. 1992 ).
Extraction and determination of auxins
Both whole shoots and the basal third of the in-vitro-propagated shoots (region where the roots appear) were used for the extraction and analysis of auxins. Non-rooting shoots cultured on MS medium in the absence of IBA were used as controls. The extraction and analytical methods have been described elsewhere . Briefly, 500 mg fresh weight of either whole shoots or the basal third of shoots was homogenized in liquid nitrogen. The powder was extracted with 10 ml of 5 mM phosphate buffer (pH 6.5) containing [1-14 C] IAA as internal standard and butylated hydroxytoluene as antioxidant. After 1 h in darkness, the extract was filtered through a glass-fiber filter which was then rinsed with 5 ml of extraction buffer. The filtrates were passed through Bond-Elut C18 columns activated and conditioned to pH 6.5. The eluates were acidified to pH 2.5 with 2.5 M phosphoric acid and then applied to a C18 column, activated and conditioned to pH 2.5. The column was washed with 2 ml of distilled water followed by 2 ml of acidic ethanol (ethanol/glacial acetic acid/water, 20/2/78, v/v). These washings, because they contained a small quantity of auxins, were recovered and applied to another C18 column conditioned to pH 2.5. Auxins were eluted from the two C18 columns (pH 2.5) with two 300-µl aliquots of 80% methanol. Fifty µl of the combined methanol extracts (1.2 ml) was injected in a fully automated Merck-Hitachi HPLC system. The HPLC column was a Lichrosphere 100-RP 18, 12.5 cm long × 4 mm internal diameter, 5 µm particle size, solvent and column temperatures were 30 °C, flow rate was 2 ml min −1
, and the mobile phase was acetonitrile/glacial acetic acid/water ( 10/2/88, v/v). The eluate was monitored with a fluorescence detector (excitation at 292 nm, emission at 360 nm). The elution patterns were similar to those shown by and . Fractions were collected and analyzed by FIA (flow injection analysis by mass spectrometry and electrospray in negative ions, Platforn, Fisons) to confirm the identity of IAA and IAAsp. The amounts of IAA in walnut shoots as determined by the HPLC-fluorescence technique were of the same order as those determined by an ELISA technique (Label and Cornu 1988) .
Extraction and determination of polyamines
Whole shoots were harvested, weighed and stored at −40 °C until extracted. The extraction, separation, identification and measurement of free polyamines by direct dansylation and HPLC have been described elsewhere (Walter and Geuns 1987) . Briefly, 250 mg of frozen shoots was homogenized in 2 ml of 4% HClO 4 containing 1,7 diaminoheptane-2HCl as internal standard. After 1 h at 4 °C the homogenate was filtered through glass wool. To 0.2 ml of homogenate, 1 ml of carbonate buffer (pH 9) and 1 ml of dansyl chloride solution (10 mg ml −1 acetone) were added. After heating for 1 h at 60 °C, the dansylated polyamines were extracted with 3 ml of toluene. The extract was loaded on a 0.5 g silica gel column and washed with 5 ml of toluol and 5 ml of toluol-triethylamine (10/0.3). The dansylated polyamines were then eluted with 2 × 3 ml of ethyl acetate and the volume reduced under N 2 . Isocratic HPLC-analysis with acetonitrile/H 2 O (72/28, v/v) on a 10-cm long × 3 µm octadecyl silica column took 8 min. Solvent flow was 2 ml min −1
. Dansylated putrescine, spermidine and spermine were injected as references.
The results are the means of measurements of three replicates from at least three separate experiments.
Results and discussion
Changes in endogenous IAA and IAAsp concentrations
The in-vitro-propagated walnut shoots were completely dependent on exogenous auxin for rooting. Shoots cultured in the absence of auxin thus provided a good control for the study of biochemical events preceding root formation by shoots cultured in the presence of auxin. Over the 7-day culture period, the concentration of IAA in non-rooting control shoots remained constant ( Figure 1A ). In shoots cultured on the IBAbased rooting medium, the IAA concentration increased up to a transient peak at 60 h of culture. A transient increase in the concentration of free IAA has also been observed in vine cuttings undergoing rooting (Moncousin et al. 1988) . After the transient increase, the endogenous free IAA concentration of the shoots decreased to a relatively low concentration for the next 4 days, when the shoots were transferred to the expressive medium. A period of low free auxin concentration preceding visible root formation has also been observed in other cuttings (Moncousin et al. 1988 , Berthon et al. 1989 , Blakesley et al. 1991 , Hausman 1993 . These variations in the concentration of free IAA correspond to an inverse variation in peroxidase activity .
The changes in the concentration of IAAsp of the whole shoots closely paralleled the changes in IAA concentration. The concentration of IAAsp remained stable in non-rooting control shoots, except for a small increase between 120 and 144 h ( Figure 1B) . The IAAsp concentration in shoots cultured on the IBA-based rooting medium exhibited a transient peak around 60 h.
The concentration of free IAA in the basal portions of the shoots cultured on the IBA-based rooting medium peaked at around 48 h (Figure 2A ), whereas the free IAA concentration in the basal portions of the non-rooting control shoots did not peak (Figure 2A) . The IAAsp concentration in the basal portions of rooting shoots peaked about 36 h earlier than the free IAA concentration (12 h versus 48 h, cf. Figures 2A and 2B ). Similar time courses of variation in the total amount of auxins (IAA + IAAsp) were observed, i.e., an early peak at 12 h and the maintenance of an elevated concentration during the first 96 h of culture on IBA-based rooting medium.
Several workers have implicated auxin conjugates in the control of adventitious root initiation (see review by Blakesley 1994), but there is no firm evidence that IAAsp triggers adventitious root formation. It is well known that plant tissues show an increased capacity to accumulate bound auxins following auxin application , and this phenomenon likely also occurs in walnut shoot cuttings, because walnut shoots are able to convert IBA into IAA (Van der Krieken et al. 1992, Epstein and Ludwig-Müller 1993) . According to Bandurski (1980) , the transient increase in free IAA concentration might result from the hydrolysis of auxin conjugates. Data from Figure 2 do not allow us to determine whether the overall increase in auxins resulted from additional IAA biosynthesis or recovery from IBA. We were unable to identify the mechanism underlying the relationship between the transient increase in free IAA concentration and the initiation of adventitious roots; however, it has been suggested that cells must achieve a critical peak concentration of endogenous IAA before cell division can occur (Elliott et al. 1987 ).
Changes in endogenous polyamine concentration
The concentrations of free putrescine, spermidine, spermine and the total amount of free polyamines remained almost constant in non-rooting control shoots during the 7-day culture period (Figure 3) . The concentrations of putrescine and spermine, but not spermidine, were elevated during the culture of shoots on IBA-based rooting medium. Several studies have reported an increase in the concentration of putrescine during rooting (e.g., Friedman et al. 1985 , Tiburcio et al. 1989 , Altamura et al. 1991 . Furthermore, exogenous application of polyamines can increase the number of roots (Jarvis et al. 1985) and enhance rooting (Shyr and Kao 1985) , even in the absence of auxin .
In several studies, treatment with exogenous auxins increased concentrations of endogenous polyamines (Jarvis et al. 1985) before root emergence (Biondi et al. 1990) , suggesting that auxins stimulate polyamine biosynthesis (Kyriakidis 1983) . Our results provide additional circumstantial evidence that, at an early stage of root induction, increases in auxin concentration favor polyamine accumulation. 
